To understand the mechanisms in lipid-induced insulin resistance, a more physiological approach is to enhance fatty acid (FA) availability through the diet. Nine healthy men ingested two hypercaloric diets (in 75% excess of habitual caloric intake) for 3 days, enriched in unsaturated FA (78 energy % [E%] fat) (UNSAT) or carbohydrates (80 E% carbohydrate) (CHO) as well as a eucaloric control diet (CON). Compared with CON, the UNSAT diet reduced whole-body and leg glucose disposal during a hyperinsulinemic-euglycemic clamp, while decreasing hepatic glucose production. In muscle, diacylglycerol (DAG) and intramyocellular triacylglycerol were increased. The accumulated DAG was sn-1,3 DAG, which is known not to activate PKC, and insulin signaling was intact. UNSAT decreased PDH-E1a protein content and increased inhibitory PDH-E1a Ser 300 phosphorylation and FA oxidation. CHO increased whole-body and leg insulin sensitivity, while increasing hepatic glucose production. After CHO, muscle PDH-E1a Ser 300 phosphorylation was decreased, and glucose oxidation increased. After UNSAT, but not CHO, muscle glucose-6-phosphate content was 103% higher compared with CON during the clamp. Thus, PDH-E1a expression and covalent regulation, and hence the tricarboxylic acid cycle influx of pyruvate-derived acetyl-CoA relative to b-oxidation-derived acetyl-CoA, are suggested to impact on insulin-stimulated glucose uptake. Taken together, the oxidative metabolic fluxes of glucose and FA are powerful and opposite regulators of insulin action in muscle.
Excessive ectopic lipid deposition is linked to a number of pathologies, especially insulin resistance, which is a key feature of obesity and type 2 diabetes (1). Yet, the molecular mechanisms responsible for lipid-induced insulin resistance remain poorly understood (2).
Many high-fat feeding studies have been conducted in rats or mice, but a number of the described effects may in part relate to overfeeding and increased adiposity that is observed with high-fat feeding in rodents (3, 4) . Also, the effect of palmitate incubation, and in a few cases unsaturated fatty acids (FAs), has been investigated in muscle cells; however, often in the context of exposure to high FA concentrations compared with in vivo and after cell culturing in almost FA-free media. Experiments aimed at elucidating the mechanisms in lipidinduced insulin resistance in humans have often used infusion of a lipid emulsion that reduces whole-body and muscle glucose disposal within few hours (5) (6) (7) (8) (9) . In the field of lipidinduced muscle insulin resistance, the prevailing concept has been that increased FA availability induces accumulation of lipid intermediates, especially diacylglycerol (DAG) (7, 10) , which causes defects in the proximal insulin signaling, like insulin receptor substrate-1-associated phosphatidylinositol 3-kinase and Akt (11) (12) (13) (14) . That these mechanisms are responsible for lipid-induced insulin resistance in skeletal muscle of man has been challenged by studies demonstrating no attenuation of insulin signaling after lipid infusions in healthy men (6, 8, 9, 15, 16) , and furthermore no evidence of a dose-dependent relationship between plasma FA levels and muscle insulin signaling has been found (6) . Together, these studies suggest that other mechanisms are involved.
Recent studies have shown that DAG can exist in three different stereo/regio-isomers, each with unique biological properties in distinct cell compartments and metabolic pathways. DAG located at the endoplasmic reticulum/Golgi network consists of sn-1,2 DAG, which is generated by esterification of glycerol-3-phosphate and fatty acylCoA in the glycerol-3-phosphate pathway or the monoacylglycerol acyltransferase reaction during triacylglycerol (TG) synthesis (17) , while cytosolic sn-1,3 and sn-2,3 DAG are mainly generated by lipolysis (18) . Sn-1,2 DAG located at the plasma membrane is generated from phospholipids. Early studies have shown that PKC is activated solely by sn-1,2 DAG isomers and not by sn-1,3 and sn-2,3 DAG (19) (20) (21) . So far, only sn-1,2 DAG located at the plasma membrane is established to be involved in DAG signaling (17) . Thus, the role of DAG in activating PKC and thereby potentially leading to insulin resistance seems to be isoform specific. To our knowledge, no studies have evaluated isoform-specific DAG content in human skeletal muscle.
The lipid-infusion model is an easily accessible approach to induce acute insulin resistance. However, a more physiological human approach would be to enhance FA availability through the diet. Thus, we aimed at clarifying the mechanisms responsible for lipid-induced insulin resistance by feeding healthy individuals a fat-rich diet for 3 days. The duration of the hypercaloric interventions was limited to 3 days in order to investigate the diet-induced molecular mechanisms independent of increased adiposity induced by the overfeeding.
The main focus was on molecular adaptations in skeletal muscle, but as the liver is important in the metabolism of dietary FA and carbohydrates, their effect on hepatic glucoregulation was also considered. As Intralipid and Liposyn infused in most studies consist mainly of unsaturated FA, we designed a diet rich in unsaturated FA in the current study. In order to maximize lipid provision, we provided a high-fat diet in 75% excess of habitual caloric intake. For separation of lipid oversupply from caloric oversupply, the same subjects also consumed a carbohydrate-rich diet for 3 days with matched caloric excess.
For evaluation of underlying molecular mechanisms, biopsies were obtained from skeletal muscle before and after a hyperinsulinemic-euglycemic clamp. Leg arterio-venous catheterization allowed us to measure glucose uptake, and infusion of labeled glucose was applied to evaluate hepatic glucose production in response to the diets. Experiments were conducted after 3 days' randomized consumption of a hypercaloric high-fat diet enriched in unsaturated FA (UNSAT) (78% energy % [E%] fat), a hypercaloric carbohydrate-rich diet (CHO) (80 E% carbohydrates), and a eucaloric control diet (CON). Our hypothesis was that other mechanisms than the canonical insulin signaling pathway are operating in lipidinduced insulin resistance.
RESEARCH DESIGN AND METHODS

Subjects
Nine men were recruited for the study, all healthy and nonsmoking and with no family history of diabetes. The subjects were young (23 6 3 years old), normal weight (BMI Table 1 ). Informed written consent was obtained prior to inclusion. The study was approved by the Copenhagen Ethics Committee (KF 01 261127). A minor part of the data from the CON and CHO intervention has been presented (22) , including selected postabsorptive plasma parameters, as TG, FA, insulin (Table 1) , C16:1 n-7 content (Fig. 1) , and basal hepatic glucose production (Fig. 2F) .
Diets
At enrollment, energy content and nutrient composition of the habitual diet were determined from 3 days' weighed dietary registration (Dankost 2000; Dankost, Copenhagen, Denmark). Before provision of the experimental diets, subjects consumed a eucaloric control diet (CON), reflecting their habitual dietary composition (62 E% carbohydrate, 14 E% protein, and 24 E% fat) for 5 days to ensure similar conditions. Subsequently, the two experimental diets (UNSAT and CHO) and the CON diet were provided for 3 days in randomized order, separated by 3 weeks. The UNSAT diet was comprised of 10 E% carbohydrate, 12 E% protein, and 78 E% fat and the CHO diet of 80 E% carbohydrate, 9 E% fat, and 11 E% protein (Supplementary Table 2 ). The amount of mono-and polyunsaturated FA was partitioned equally in the UNSAT diet. The FA composition of each diet is presented in Fig. 1A . All food items were delivered to the subjects under supervision to ensure high compliance. During UNSAT and CHO, subjects were provided a diet in 75% excess of habitual caloric intake and were thus in caloric surplus. The individual daily energy requirement was determined from dietary registrations and prediction equations from Food and Agriculture Organization of the United Nations/World Health Organization.
Experimental Protocol
Experiments were performed after each 3-day intervention. One subject only completed CON and UNSAT owing to personal reasons; hence, n = 8 in CHO. Seventy-two hours before the experimental days, subjects abstained from physical activity. On the experimental days, subjects ingested a light 1.6 MJ meal at 5:00 A.M. at home (Supplementary ), initiated with a bolus injection of insulin (9.0 mU $ kg 21 ) (Actrapid; Novo Nordisk, Denmark). Labeled glucose tracer was added to the glucose infusate to minimize fluctuations in glucose-specific activity (23) . Before the clamp start, basal blood samples and biopsies from the vastus lateralis muscle were obtained, which were in the late postabsorptive state 6 h after the meal.
Femoral arterial blood flow was determined by ultrasound Doppler (Philips Ultrasound, Bothell, WA). Indirect calorimetry was performed before and during the clamp. Biopsies were obtained from the vastus lateralis muscle before and after 120 min insulin stimulation under local anesthesia.
Analyses
Blood Parameters
The composition of individual FA in plasma was analyzed by combined high-performance liquid chromatography and gas chromatography (Trace Gas Chromatograph 2000; PerkinElmer) as previously described (24) . Plasma glucose and lactate concentrations were measured on an ABL615 (Radiometer Medical, Copenhagen, Denmark). The plasma concentrations of FA (NEFA C kit; Wako Chemicals GmbH, Neuss, Germany) and TG (GPO-PAP kit; Roche Diagnostics, Mannheim, Germany) were measured using enzymatic colorimetric methods (Hitachi 912 automatic analyzer; Boehringer Ingelheim, Ingelheim, Germany). Plasma concentrations of insulin and C-peptide were measured by ELISA (ALPCO). Plasma enrichments of the stable glucose isotope were measured using liquid chromatography mass spectrometry (ThermoQuest Finnegan AQA) (25) .
Muscle Metabolites
Muscle samples were freeze-dried and dissected free of connective tissue and blood before analyses.
Glycogen content was determined as glycosyl units after acid hydrolysis and measured by a fluorometric method (26) , while glucose-6-phosphate (G6P) content was determined after extraction with perchloric acid and measured fluorometrically (26).
Glycogen synthase (GS) activity was measured in muscle homogenates in the presence of 0.03, 0.25, and 12 mmol $ l 21 G6P, using a Unifilter 350 microtiter plate assay (Whatman, Buckinghamshire, U.K.) (27) , modified for microtiter plate assay.
Long-chain FA-CoA was determined by a fluorometric method as previously described (28) .
Intramyocellular TG (IMTG), DAG isoforms (sn-1,2 and sn-1,3 DAG), and ceramide were measured on freeze-dried muscle tissue by thin-layer chromatography. Lipids were extracted under nonheated conditions in chloroform: methanol (2:1, v/v) and dissolved in chloroform before being separated as previously described (29) using sn-1,2 and sn-1,3 DAG, ceramide, and TG standards from SigmaAldrich. Lipid bands were developed at 120°C in 15 min and visualized and quantified by a Kodak Image Station E440 CF (Kodak, Herlev, Denmark). Proper separation of sn-1,2 and sn-1,3 DAG standards was ensured, and the method was validated for linearity ( Supplementary Fig. 1 ).
Western Blotting
Muscle lysates were prepared, and SDS-PAGE and Western blot analyses were performed as previously described (30) . The primary antibodies are described in Supplementary Table 4 .
RNA Extraction and Real-time PCR
RNA was isolated from 20 mg wet weight muscle tissue by a guanidinium thiocyanate-phenol-chloroform extraction method (31) with modifications (32), as described in (33) . Primers and TaqMan probes were designed using the human-specific Ensemble database (Supplementary Table 5 ). PDK4 and CPT1 mRNA content were related to the amount of singlestranded DNA, which was similar between groups. 
Calculations
Whole-body insulin sensitivity was expressed as glucose infusion rate per kilogram of body mass. Leg glucose uptake and lactate release were calculated as the arterial-venous difference multiplied by blood flow in accordance with Fick's principle and related to leg mass. The oxidative glucose utilization was calculated from nonprotein VO 2 and VCO 2 (34) . All were expressed as the average of the last 60 min of the clamp. Glucose R a was calculated from the last 20 min of the basal and clamp period using Steele's equation (35 
RESULTS
During the hypercaloric UNSAT and CHO interventions, 24.0 6 0.4 MJ were provided daily, compared with 13.7 6 0.2 MJ during CON (Supplementary Table 2 ). This implied that subjects daily ingested 496 6 11 g fat and 1137 6 23 g carbohydrate in UNSAT and CHO, respectively.
Opposite Regulation of Peripheral Insulin Action by Dietary Fat and Carbohydrates
Whole-body insulin sensitivity was reduced 17% after UNSAT (P , 0.01) and increased 26% after CHO (P , 0.01) compared with CON ( Fig. 2A) . Accordingly, the SEM and obtained in the late postabsorptive state. n = 9 in UNSAT; n = 8 in CHO. Thus, n = 9 and n = 8 in the respective CON bars. *P < 0.05, **P < 0.01, ***P < 0.001 compared with CON.
insulin-stimulated leg glucose uptake was suppressed 20% after UNSAT (P , 0.01) but increased 41% after CHO compared with CON (P , 0.05) (Fig. 2B) . Evaluation of substrate oxidation after UNSAT and CHO revealed oppositely directed changes. The basal respiratory exchange ratio (RER) was 0.82 6 0.2, 0.75 6 0.03, and 0.88 6 0.03 in the CON, UNSAT, and CHO trial, respectively. During the clamp, RER remained lower after UNSAT (P , 0.01) and tended to be higher after CHO (P = 0.067) (Fig. 2C and D) .
The changes in GIR after UNSAT and CHO (calculated as ∆-values compared with CON) were associated with the respective changes in glucose oxidation rate (Fig. 2E) . D) , a two-way RM ANOVA was performed. *P < 0.05, **P < 0.01 compared with CON. ###P < 0.001 effect of insulin. (*)P 5 0.09. n = 9 in UNSAT; n = 8 in CHO. Thus, n = 9 and 8 in the respective CON bars.
Differential Response of Hepatic Glucoregulation
In contrast to the observation of reduced peripheral insulin sensitivity after UNSAT, the basal hepatic glucose R a was decreased compared with CON (P , 0.05) (Fig. 2F ) and, hence, fasting plasma glucose was lowered (P , 0.05) ( Table  1 ). In contrast, the basal glucose production was increased after CHO (P , 0.01) and, hence, the hepatic insulin resistance index was increased (P , 0.05) compared with CON ( Fig. 2F and G) , contrasting with the higher peripheral insulin sensitivity after this diet. During the clamp, glucose production remained higher after CHO (P , 0.05) (Fig.  2H ), but the relative suppression (%) of glucose production was unchanged. Concomitantly with the higher glucose production, hepatic insulin clearance was lower after CHO during the clamp (P , 0.05) ( Table 1) . Notably, fasting plasma TG was reduced 39% after UNSAT (P , 0.01),while being increased 101% after CHO (P , 0.001) ( Table 1) . Analysis of the plasma FA profile revealed a 62% reduction in plasma concentration of palmitoleate C16:1 n-7 after UNSAT (P , 0.001) and a contrasting increase by 146% after CHO compared with CON (P , 0.01) (Fig. 1B) . The plasma C16:1 n-7 concentration has been shown to correlate well with D 2 O-measured de novo lipogenesis (36), indicating that de novo lipogenesis was decreased after UNSAT and increased after CHO.
Increased sn-1,3 DAG and IMTG Content After UNSAT
The basal muscle biopsies were analyzed for the content of different lipid intermediates, in particular, the specific DAG isomers. It was found that almost all DAG was in the sn-1,3 isomer form, whereas the sn-1,2 (sn-2,3) DAG was barely detectable and thus not quantified ( Supplementary Fig. 2 ). After UNSAT, sn-1,3 DAG increased by 37% (P , 0.01), along with an increase in IMTG content by 52% compared with CON (P , 0.05) (Fig. 3A and B) . No changes were observed for long-chain fatty acyl-CoA or ceramide ( Fig. 3C  and D) . The increased sn-1,3 DAG and IMTG content after UNSAT was observed together with a tendency toward increased CD36 protein content (P = 0.09) (Fig. 3E ) (for all proteins or phosphorylations, representative blots are shown in Fig. 6 ), while the protein content of FABPpm, FATP1, and FATP4 did not change (data not shown). Concomitantly with the increase in sn-1,3 DAG, the activating hormone-sensitive lipase (HSL) Ser 660 phosphorylation was decreased after UNSAT compared with CON (P , 0.05), suggesting an attenuated HSL activity and, hence, a reduced DAG hydrolysis. ATGL protein content was not changed. After CHO, no changes in muscle lipid intermediates were obtained.
Insulin Signaling Was Intact After UNSAT
The basal and insulin-stimulated Akt Thr 308 and TBC1D4 phospho-Akt substrate (PAS) phosphorylation remained unchanged after UNSAT compared with CON ( Fig. 4A  and B) . The basal protein content of GLUT4 and HKII was not altered after UNSAT (Fig. 4C and D) and neither were Akt and TBC1D4 proteins. Thus, the reduction in insulin-stimulated glucose uptake was not associated with defects in insulin signaling or the capacity for glucose uptake. After CHO, the increased insulin-stimulated glucose uptake could not be explained by altered insulin signaling (Fig. 4A and B) and was actually observed despite increased basal muscle glycogen concentration (642 6 88 mmol $ kg d.w.
21
, where d.w. is dry weight) compared with CON (P , 0.05) and a lower basal and insulin-induced glycogen synthase activity (P , 0.05) (Fig. 4E and F) . A, B, and F) , a two-way RM ANOVA was performed. *P < 0.05, **P < 0.01 compared with CON. ###P < 0.001 effect of insulin. n = 9 in UNSAT; n = 8 in CHO. Thus, n = 9 and 8 in the respective CON bars. AU, arbitrary units.
Decreased Insulin-Stimulated Leg Glucose Uptake
Relates to Increased PDH-E1a Phosphorylation and G6P Accumulation After UNSAT After UNSAT, basal CPT1 mRNA content was increased (P , 0.01) (Fig. 5A) , suggesting an enhanced capacity for mitochondrial FA import. The basal PDK4 mRNA content and PDH-E1a phosphorylation at the inhibitory Ser 300 site were increased after UNSAT compared with CON (P , 0.05) (Fig. 5B and C) , indicating attenuated PDH activity. The total PDH-E1a protein content was also decreased remarkably by 45% after UNSAT (P , 0.001), and the proportion of phosphorylated PDH-E1a protein at basal was, hence, even more increased (P , 0.01) (Fig. 5D and E) . Remarkably, the diet-induced changes in PDH Ser 300 phosphorylation remained similar to basal in the insulinstimulated state (Fig. 5F ). During the clamp, leg lactate release was increased by 75% in UNSAT (P , 0.01) (Fig. 5G) , indicating a reduced pyruvate conversion to acetyl-CoA. Assessment of the muscle content of G6P in the insulinstimulated state revealed that G6P was 103% higher after UNSAT compared with CON (P , 0.05) (Fig. 5H) . Accordingly, the increase in PDH Ser 300 phosphorylation was closely correlated with the reduction in insulin-stimulated leg glucose uptake after UNSAT (r = 20.97, P , 0.001) (Fig. 5I) .
After CHO, PDK4 mRNA was decreased (P , 0.05) to almost undetectable levels and PDH-E1a phosphorylation per total protein was decreased compared with CON (P , 0.05) (Fig. 5B and E) , indicating an increased capacity for entry of pyruvate-derived acetyl-CoA into the tricarboxylic acid cycle. During insulin stimulation, there were no significant differences in G6P compared with CON.
DISCUSSION
One remarkable finding in this study is that insulin-stimulated leg glucose uptake can differ by ;60% after 3 days' dietary manipulation without any detectable changes in insulin signaling, as shown for Akt and TBC1D4 PAS phosphorylation. We here demonstrate that diet-induced manipulation of glucose oxidation and PDH-E1a phosphorylation was remarkably tightly related with changes in leg glucose uptake during insulin stimulation, suggesting that regulation of oxidative glucose disposal can be a strong regulator of insulin action in muscle, independently of insulin signaling. Whole-body insulin sensitivity and insulin-stimulated leg glucose uptake were decreased by 17 and 20%, respectively, after UNSAT compared with CON. The reduction in wholebody insulin sensitivity by dietary FA excess is thus less than the 32-61% reduction obtained with lipid infusion in healthy men (7) (8) (9) 12, 14, 15) , which is likely related to the circulating FA levels of 1,260-2,370 mmol/L that are acutely induced in the intravenous model. Insulin resistance induced by lipid infusion has in some studies (7,14,37), but not in all studies (8) , been associated with muscle DAG accumulation and activation of novel and conventional PKC isoforms, which has been linked to defects in proximal insulin signaling (14) . The isoforms of the accumulated DAG were not evaluated in these studies. In the current study, we measured isoform-specific DAG content in human skeletal muscle and showed a 36% increase in sn-1,3 DAG content after a short-term hypercaloric diet rich in unsaturated FAs, and this was not associated with reduced insulinstimulated Akt or TBC1D4 phosphorylation or reduced insulin-induced activation of GS. Cytosolic sn-1,3 DAG is generated during TG lipolysis by ATGL, which hydrolyses ester bonds selectively at the sn-2 position at TG, while CGI-58 coactivation broadens ATGL activity to sn-1, thereby also generating sn-2,3 DAG (18). Studies have shown that PKC is activated solely by sn-1,2 DAG isomers, and not by sn-1,3 and sn-2,3 DAG (19-21) , thus supporting the intact insulin signaling in the current study. The accumulation of sn-1,3 DAG was likely caused by its reduced hydrolysis, due to decreased activity of the DAG lipase HSL, as reflected by reduced HSL Ser 660 phosphorylation after UNSAT. To this end, unsaturated FAs have also been shown to inhibit HSL activity in a direct manner in vitro (38) . The present observations do not exclude that accumulation of sn-1,2 DAG, generated during TG synthesis or phospholipid metabolism (17) , and subsequent PKC activation, may occur in obesity or other conditions with lipid excess, as in the context of lipid infusion. Investigation of DAG isomer abundance in these conditions is indeed of relevance in future studies.
Increased Phosphorylation of PDH-E1a and G6P Accumulation After UNSAT Relate to Decreased Insulin-Stimulated Leg Glucose Uptake After UNSAT, RER was lower at basal and during insulin stimulation compared with CON. It was earlier suggested by Randle et al. (39) that an increased FA supply resulted in preferential FA oxidation and reduced glucose oxidation, which subsequently led to reduced glucose uptake. This was described as the "FA syndrome" and initially shown in isolated rat diaphragm and heart (39) . Later on, preponderant roles of PDKs and PDH were suggested from in vitro studies. Here, we extend on these findings in human skeletal muscle in a more physiological setting of increased dietary FA availability. Increased unsaturated fat intake increased PDK4 mRNA content, which was paralleled by increased PDH-E1a Ser 300 phosphorylation both at basal and during the clamp, and a remarkable 45% reduction in PDH-E1a protein, strongly suggesting that PDH activity was attenuated by high fat intake. Additional allosteric regulation of PDH, by altered mitochondrial acetyl-CoA or NADH levels, may also have contributed. A negative correlation was obtained between the increase in PDH Ser 300 phosphorylation after UNSAT and the decrease in insulinstimulated glucose uptake (r = 20.97, P , 0.001). This suggests a mechanism of PDH inhibition after UNSAT, driving the suppression of insulin-stimulated leg glucose uptake. During the clamp, the reduced conversion rate of . I: Scatterplot illustrating the association between the change in PDH-E1a Ser 300 phosphorylation and the change in insulin-stimulated leg glucose uptake after UNSAT compared with CON. J: Scatterplot illustrating the association between the change in PDH-E1a Ser 300 phosphorylation and the change in insulin-stimulated leg glucose uptake after both CHO and UNSAT compared with CON. Data are mean 6 SEM. The effect of each experimental trial was compared with CON with a paired t test. *P = 0.07 in H; *P < 0.05, **P < 0.01, ***P < 0.001 compared with CON. n = 9 in UNSAT; n = 8 in CHO. Thus, n = 9 and 8 in the respective CON bars. n = 7 in all groups for mRNA data owing to low RNA yield for two subjects. AU, arbitrary units.
pyruvate to acetyl-CoA was evidenced by the increased leg lactate release in UNSAT. The higher muscle content of G6P during the clamp in UNSAT further suggests that carbon influx into glycolysis was attenuated as the upstream result of PDH inactivation. One would expect this backup of glycolysis to inhibit glucose uptake by reducing glucose phosphorylation. This is in contrast to the observations during lipid infusion, where experiments using 31 P and 13 C MRS have demonstrated that intramuscular G6P content is reduced rather than increased (12, 40) , which has linked the regulatory mechanisms solely to the step of glucose transport when circulating FA levels are high. The divergence to our findings suggests that when circulating FA levels are very high, as during lipid infusion, the main regulatory step resides at glucose transport. In the more physiological setting as in the current study, our data suggest that the diet-induced inhibition of muscle glucose uptake was more related to a PDH-mediated slowing of glycolysis and accumulation G6P, which in turn could inhibit glucose uptake by inhibition of hexokinase. However, it remains possible that the step of glucose transport was also subject to inhibition and thereby could be a potential additive mechanism in the reduced glucose uptake.
The question is by which mechanisms PDK4 mRNA content was upregulated in UNSAT, leading to inhibition of PDH. Unsaturated FAs are ligands for PPARa and PPARd (41, 42) , and in particular FAs liberated by ATGL have this effect (43, 44) . Hence, in hearts of ATGL 2/2 mice, PPAR signaling was shown to be lacking and PPAR target genes were reduced (45) . During UNSAT, the availability of dietary unsaturated FAs was high and IMTG content increased, while ATGL protein content was maintained. Consequently, liberation of unsaturated FAs from the first lipolytic step by ATGL likely provided ligands for PPAR signaling, evidenced by the increased PDK4 and CPT1 mRNA content.
The concept of lipid-induced regulation of muscle glucose metabolism is summarized and depicted in Fig. 7 .
Dietary Carbohydrate Excess Increased Peripheral Insulin Sensitivity
Insulin action was increased after CHO, which is remarkable considering the degree of overfeeding. Thus, the 41% increased insulin-stimulated leg glucose uptake was observed despite a substantial increase in muscle glycogen content, contrasting previous observations (46, 45) . PDK4 mRNA content was downregulated, possibly mediated by high circulating insulin levels during the intervention, via a phosphatidylinositol 3-kinase-dependent pathway (42) , and PDH-E1a Ser 300 phosphorylation was decreased. Hence, the reduction of fat intake to 11 E% enabled the dietary carbohydrates to trigger glucose oxidation, and together with the lowering of basal plasma FA concentration by 68% (P , 0.001) ( Table 1) , this was a putative mechanism to increase glucose uptake after CHO. It is likely that the increased PDH activation after CHO, and, hence, the increased pyruvate conversion rate, contributed to an efficient carbon influx into glycolysis and oxidation, as no accumulation of G6P was obtained, despite the marked increase in insulin-stimulated glucose uptake.
Differential Effects of Dietary FA and Carbohydrate Excess in the Regulation of Hepatic Glucose Production
The basal glucose production was decreased after UNSAT. Thus, a high fat intake did not adversely affect hepatic glucoregulation even during caloric surplus, at least in the short-term and in healthy subjects. At the same time, the plasma concentration of C16:1 n-7 was decreased after UNSAT compared with CON. This suggests that hepatic de novo lipogenesis was decreased (36) , likely related to the lowering of carbohydrate intake to 10 E%. In contrast, glucose production remained higher both at basal and during the clamp after CHO, and the increase in plasma C16:1n-7 concentration indicated an increased de novo lipogenesis. These findings, together with the decreased hepatic insulin clearance, indicate that high carbohydrate intake, when coupled with energy surplus, potentially leads to dysregulated hepatic glucoregulation and function, and this may in the long-term change hepatic metabolism in a diabetic direction. We previously showed that the 3-day CHO diet induced an eightfold increase in postabsorptive plasma levels of the hepatic stress sensor FGF21 (22) . FGF21 administration in mice has been shown to increase hepatic glucose production, suggesting that FGF21 is a potential mediator of the increase in glucose production after CHO, possibly as a compensatory mechanism to decrease substrate excess in the liver. Concomitantly with the increased de novo lipogenesis, the concentration of plasma TG was increased 101% after CHO. This was likely due to an increased VLDL-TG production, as previously shown after hypercaloric high-carbohydrate provision in healthy subjects (48, 49) . A decreased hydrolysis of circulating TG, due to insulin-mediated suppression of muscle LPL activity (50) during the intervention, may also have contributed, and potentially explained why IMTG and DAG did not increase as a result of the high plasma TG in CHO.
In conclusion, 3 days' dietary excess of unsaturated FA or carbohydrates had opposing effects on insulin sensitivity in healthy humans. After UNSAT, we demonstrated an enhanced sn-1,3 DAG content in muscle, which did not interfere with insulin signaling. Rather, increased phosphorylation of PDH-E1a Ser 300 , and, hence, decreased PDH activity, was correlated to the reduction in insulin-stimulated leg glucose uptake. The reciprocal aspect was also demonstrated, as CHO decreased PDH-E1a Ser 300 phosphorylation and increased leg glucose uptake. Thus, the oxidative flux of glucose and FA can be powerful and differential regulators of insulin action. The present data thus show that even dietary unsaturated FAs, that are proposed to be "healthier" than saturated FAs, will induce insulin resistance when consumed in surplus. However, the downregulation of muscle glucose uptake under conditions of high dietary FA availability may reflect an adaptive and reversible response in the present healthy and nonobese subjects rather than a pathological insulin resistance. Figure 7 -Diagram illustrating the pathways by which unsaturated FAs regulate PDH activity and glucose uptake in skeletal muscle. In the uptake of unsaturated FA, assisted by increased CD36 protein content, the unsaturated FA is to a large extent reesterified and stored in lipid droplets as TG. Subsequent lipolysis by ATGL leads to increased liberation of unsaturated FA, which provides ligands for PPARa and -d. Activation of PPARs in turn activates transcription of PDK4 and other target genes involved in FA metabolism, e.g., CPT1. PDK4 inhibits the PDH complex by increasing phosphorylation at the Ser 300 site, favoring increased FA oxidation. Despite an attenuated pyruvate-derived acetyl-CoA influx into tricarboxylic acid, the increased lactate formation indicates that glycolysis is still active, though to a lower extent. Still, G6P accumulates owing to a decreased carbon influx into glycolysis, which in turn leads to decreased glucose phosphorylation. p-Akt, phosphorylated Akt.
In the liver, excess dietary fat (or reduced carbohydrate intake) actually improved hepatic glucoregulation and lowered de novo lipogenesis, while high carbohydrate intake induced hepatic insulin resistance and an increase in plasma TG levels that approached hyper-triglyceridemia. In contrast to the present short-term hypercaloric diet, long-term high carbohydrate intake may, when coupled with excess energy intake, likely lead to a negative regulation of peripheral insulin sensitivity as a result of energy surplus.
